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Abstract 
Chromatography with random packing is one of the most widely used methods for separation and analysis. The pore 
connectivity and pore size distribution of structured packed beds would be designed to improve column separation 
performance. We have investigated the separation performance of different ordered packings in detail with the 
volume averaging method and numerical simulations, including the simple cubic (SC), body center cubic (BCC), and 
face center cubic (FCC) packing with different particles. With the same particle shape, the FCC packing form is 
better for separation performance. Compared to the corresponding configurations with spherical particles, the plate 
height of long ellipsoidal particle models is remarkably reduced in the SC and BCC packing. However, the FCC-L 
packing doesn’t obtain lower reduced plate height. The results of the BCC-L, FCC-S and FCC-L packing are close. 
These results provide more detailed flow characteristics and mass transfer process in ordered packed beds, which is 
meaningful for the optimum design.
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Packed beds are of great importance in mumerous industrial applications including catalytic reactors, 
gas-cooled nuclear reactors and chromatographic reactors. Most conventional chromatographic columns 
are randomly packed with particles, because they are easy to be constructed and their cost is relatively low. 
However, the pore geometry and distribution for the randomly packed column are complex and hard to be 
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controlled. As a widely used method of separation and purification, it is desirable to obtain the increase in 
mass transfer without the increase in pressure drop. In recent years, regular structures are considered as 
potential. Knox [1,2] investigated the band dispersion in chromatography and proposed that regular 
structures could provide ideal flow patterns, which are beneficial for minimal dispersion. Yan et al. [3]and 
Schure et al. [4] investigated the influence of the ordered packing forms, including the simple cubic (SC), 
body centered cubic (BCC), face centered cubic (FCC) and random packing with spherical particles, on 
the performance of chromatography with different methods and revealed that packing form would lead to 
different performances. Yang et al. [5,6] showed that different particle shapes would affect the flow field, 
which has important relations with separation process and flow resistance. These results show that, it 
would also be possible to improve the chromatography separation performance with proper selection of 
packing form and particle shape in structured packed beds. Therefore, it is necessary that the effect of 
particle shapes and packing forms on separation performance is systematically investigated. 
2. Model Formulations 
2.1. Model geometry 
In general, a chromatography column is filled with a large number of particles, which is stacked in a 
cylindrical channel. Direct simulation for the whole column is unfeasible because of the limited 
computational resource. According to the volume averaging method [7], a representative unit cell with 
appropriate boundary conditions is an available choice. As shown in Fig. 1, six different kinds of packing 
unit cells are investigated. They are the simple cubic packing (SC), body center cubic packing (BCC) and 
face center cubic packing (FCC) with spheres and long ellipsoids of semi-axial ratio 2:1:1, respectively. 
(a) (b) (c)
(d) (e) (f) 
Fig. 1. Local velocity distributions in (a) SC-S, (b) SC-L, (c) BCC-S, (d) BCC-L, (e) FCC-S, and (f) FCC-L (<u>m=5×10-5m/s) 
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2.2. Computational method of separation performance 
The performance of ordered packed column is predicted with the volume averaging method. The plate 
height of a given structure is determined as follows [3]: 
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where DL and Dm are the longitudinal dispersion coefficient and the molecular diffusion coefficient, 
respectively. k is the retention factor. Cm1 and Cm2 are velocity dependent factors. vi and <u>m are the 
reduced interstitial velocity and the average longitudinal velocity, respectively. dp is the particle 
equivalent diameter. 
The flow obeys the incompressible Navier-Stokes equations. No slip boundary conditions are adopted 
on the particle walls. Because the representative unit cells are periodic, the periodic boundary conditions 
are applied for solving the velocity vector v. All the equations were solved with COMSOLTM. 
3. Grid independence test and model validation 
In order to obtain accurate results, the grid independence of all the computational cases is checked first. 
By mesh refinement, it is realized that the variation between the results is less than 2%. 
In order to validate the reliability and accuracy of present computational method, we compare the 
results with those as reported by Yan and Wang [3]. The results indicate that, the simulation results are 
consistent with the predictions by Yan and Wang [3]. The maximum and average deviations are less than 
7.0% and 4.0%, as shown in Fig.2, respectively. This means, the present computational method would be 
feasible and reliable for investigating the chromatography performance in the ordered packed beds. 
Fig. 2. The reduced plate height for columns in SC-S, BCC-S and FCC-S under nonretentive (k=0) and retentive conditions (k=10)
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Fig. 3. The reduced plate height for columns packed with particles in SC-S, SC-L, BCC-S, BCC-L, FCC-S and FCC-L: (a) 
nonretentive conditions (k=0); (b) retentive conditions (k=10) 
4. Results and Discussion 
Three different kinds of packing forms are adopted, including the simple cubic (SC), the body center 
cubic (BCC) and the face center cubic (FCC) packing. Since Yang et al. [5,6] recommended long 
ellipsoidal particles for better flow characteristic and heat transfer performance, this kind of particle is 
selected for the further study. The semi-axial ratio of long ellipsoidal particles is 2:1:1. The reduced 
interstitial velocity (vi) is varying from 0.1 to 100. 
The velocity distributions for different packing forms with spheres and long ellipsoids of semi-axial 
ratio of 2:1:1 in the same average longitudinal velocity (<u>m=5×10-5m/s) are presented in Fig. 1. It 
shows that, the front and back stagnant zones of the BCC-L packing are significantly smaller than those 
of the BCC-S packing. The FCC-S packing results in a narrower velocity distribution than the FCC-L 
packing. For further analyzing the flow field, we define the coefficient of the uniformity of the flow fields 
as follows, 
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According to the above definition, the better the uniformity is, the closer to one U is. The coefficients 
of the uniformity U in the SC-S, SC-L, BCC-S, BCC-L, FCC-S and FCC-L packing are 0.15, 0.27, 0.19, 
0.47, 0.46 and 0.43, respectively. In the SC and BCC packing, the coefficient of the uniformity U
increases greatly in the BCC-L packing. Compared with the FCC-S packing, the FCC-L packing has the 
lower coefficient of the uniformity U. Therefore, the SC-L and BCC-L packing would get better 
performance than the SC-S and BCC-S packing, while the FCC-L packing would not be more efficient 
than the FCC-S packing. 
The variations of the reduced plate height in different packings with nonretentive and retentive 
conditions are presented in Fig. 3. It shows that, the reduced plate height in the SC packing is the highest 
no matter which particles are adopted. In the cases with spherical particles, the FCC packing has the 
lowest reduced plate height. However, the reduced plate heights in the BCC-L and FCC-L packing are 
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close. It is interesting that, the chromatography separation performances of the FCC-L and FCC-S 
packing are basically flat, while the chromatography separation performances of the SC-L and BCC-L 
packing are much better than those of the SC-S and BCC-S packing. In the SC and BCC packing, the 
porosity is big and the passageway is simple. When the particles are spherical, the windward area is 
bigger than that in the case with long ellipsoidal particles. Furthermore, the appearance of long ellipsoidal 
particles is more aerodynamic. Therefore, in the SC-L and BCC-L packing, the proportion of the stagnant 
zone declines obviously, especially in front and back of the particles, as shown in Fig. 1. The FCC 
packing is the most compact and the complex flow channels greatly improve the uniformity of the flow 
field. However, some small stagnant regions inevitably exist in the complex pore geometry. Therefore, 
the improvement of the flow field is not infinitely.  
When compared to the nonretentive cases, retention increases the plate height by 1.37, 1.47, 1.54, 2.74, 
5.63 and 8.02 in the FCC-S, BCC-L2, FCC-L2, BCC-S, SC-L2 and SC-S packing, respectively. The 
different particle shape and packed form have different effect on retention, which associates with the 
uniformity of the flow field. Furthermore, the pressure drop in the models with long ellipsoidal particles 
is lower [5]. Therefore, in consideration of the energy consumption and separation performance, the BCC 
and FCC packing form and long ellipsoidal particles are recommended for applications. 
5. Conclusions 
In the present paper, we have investigated the effect of the packing form and particle shape on the 
mass transport phenomena with the volume averaging method and numerical simulations. The column 
separation performances of packings with different particles are also analyzed in detail. With the same 
particle shape, the FCC packings with spherical and long ellipsoidal particles perform well. In the SC and 
BCC packing, the reduced plate height in the long ellipsoidal particle models (SC-L, BCC-L) is much 
lower than that of the spherical particle models (SC-S, BCC-S). However, the results of the FCC-S and 
FCC-L packing are close. In consideration of the pressure drop and sepration performance, the BCC and 
FCC packing form and long ellipsoidal particles would be recommended for applications. 
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